We investigate the effect of a spatially varying work function on photoemission experiments. It is demonstrated that a photoinduced work function change when probed by ultraviolet and two-photon photoemission spectroscopy can have pronounced effects on photoemission spectra. These effects are simulated by a simple model that reproduces the data remarkably well and allows for quantitative interpretation of the modified low energy region of the photoemission spectra. These findings are highly relevant when discussing work function determinations by photoemission spectroscopy and moreover may have substantial impact on the energy level alignment of molecule-metal or -semiconductor interfaces.
The work function (Φ) of a system is a signature of the surface electronic structure and influences the energy level alignment of frontier molecular orbitals on metal or semiconductor surfaces 1 . This affects, for example, the charge carrier injection in layered systems and devices. For instance, in organic molecule-based electronics, the energy level alignment determines the hole injection barrier from the electrode to the organic layer and thereby the functionality and performance of the device 2, 3 . This is because the energy of electronic states that are pinned to the vacuum level (e.g. surface and image potential states, certain molecular levels of weakly bound adsorbates, etc.) are directly connected to the work function 4, 5 .
Mechanisms leading to work function changes can be manifold: The charge distribution at the surface strongly influences the (electric) surface dipole and thereby the work function 6 .
The specific surface electronic structure itself 7 , charge transfer due to chemisorption 8-10 and adsorption of dipolar molecules [11] [12] [13] can alter the surface dipole. Also, the irradiation of adsorbed molecules with photons can lead to a change of Φ by, for instance, photodesorption 14 , photoinduced charge transfer 15 , or other types of photochemistry 16, 17 . As light is frequently used for spectroscopic investigations, such photoinduced modifications may affect a large number of studies without being recognized.
Photoemission spectroscopy is frequently used to study the electronic band structure and can also directly probe the work function of a sample. Its spectroscopic signature, the low energy cut-off in the spectra, is furthermore used to determine the resolution of the experimental setup. A variation of the work function -especially when induced by the light source used in the experiment -drastically modifies the energy resolution and the interpretation of the spectroscopic results.
In this Letter, we investigate the influence of photoinduced work function changes on the spectroscopic signatures in ultraviolet photoelectron or single-photon photoemission (UPS or 1PPE) spectroscopy and two-photon photoemission (2PPE) spectroscopy. Besides a broadening and shift of the low energy cut-off, we find that, using a photon energy close to the system's work function distribution, the transition from single-to two-photon photoemission leads to a very distinct spectroscopic signature in the low-energy region of the spectra. This is simulated using a simple model based on a spatially variable work function distribution We now concentrate on the implications of inhomogeneous work function distributions on photoemission spectroscopy when using photon energies similar to typical sample work functions (3-6 eV), as for example used in time-resolved pump-probe experiments using laser-based light sources. Here the photon energies are commonly generated by nonlinear optical processes (second harmonic generation, etc.) which are limited to maximum energies slightly above 6 eV when using a nonlinear optical crystal-based mixing approach 18 . In particular when applying 2PPE spectroscopy, photon energies slightly below the work function are very common, as electrons are intended to be excited into unoccupied states, instead of being emitted by a single photon.
UPS/1PPE has a significantly (approximately 4 orders of magnitude 19 ) higher crosssection than a two-photon process. Given the finite dynamic range of the photoelectron energy analyzer, two-photon photoemission is only efficiently detected, i.e. without a large single-photon background, if hν < Φ < 2hν.
Assuming that the work function of the system under investigation depends on the spatial coordinate x ( Fig. 2(a) ), then, for the values x where Φ(x) < hν the photoemission spectrum will be dominated by 1PPE, whereas if Φ(x) > hν only 2PPE can contribute. If Φ min < hν < Φ max a mixture of both can be observed.
A photoemission spectrum of previously illuminated D 2 O/Cu(111) (photon energy for photoemission: 4.6 eV) is shown in Fig. 2(b) . The size of the spot that modifies the work function is the same as the one used for photoemission in this case. In contrast to the UPS data there is an additional peak-like feature at the low energy cut-off region of the spectrum. To test whether the non-uniform work function of the sample is responsible for the appearance of this feature alone we simulate our data by a simple numerical model.
In the following, we describe this model in detail and discuss the dependence of the work function within the probed area of the sample on the laser intensity. As a start we assume the following formula to describe the dependence of Φ(I) displayed in Fig. 2(c) :
The work function Φ(I) in Equation 1 varies from Φ 0 to Φ(I max ) depending on the intensity distribution inside the laser spot and the model parameter γ. In the case of a gaussian beam profile Equation 1 results in a high work function (Φ > hν) in the middle of the spot (only 2PPE) and a lower work function moving away from the spots center (when Φ < hν 1PPE is also possible). A simulated spectrum is shown in Fig. 2(b) together with the data.
The 1PPE and 2PPE contributions in Fig. 2(d) show that 1PPE leads to the peak-like feature observed in the data, while the wider signal exhibiting a broadened low energy cut-off results from 2PPE.
In the simulation, a constant density of states (DOS) multiplied by a Fermi-Dirac distribution function is assumed for the initial occupied states inside the Cu(111) substrate. As we only detect (scattered) secondary electrons from the Cu(111) substrate due to their short mean free path, we neglect the real (non-constant) DOS and just model the transmission of the photoexcited electrons through the rather thick (> 20 BL) D 2 O adlayer by multiplying with an exponential decay ∝ e −E . This describes the typical shape of inelastically scattered secondary electrons in low energy photoemission spectroscopy well 20 . To get to the final energy scale, the resulting intensity is then shifted one (two) times the photon energy up in energy according to the order of the photoemission process. It is finally convolved with the energy bandwidth of the laser pulse and the low energy side of the spectrum is cut at the value of the work function to give the photoemission yield for 1PPE and 2PPE. The ratio between 1PPE and 2PPE yield is a free parameter in our model and depends on various experimental conditions (e.g. laser fluence, cross sections, etc.). The total yield is obtained by numerical integration over the illuminated spot weighted with the illuminated area. Finally, the instrument function is included by convolving the result with the effective energy resolution of the hemispherical electron energy analyzer used in the experiment (in our case 80 meV). Our simple simulation describes the data remarkably well in the low energy region of the spectra shown in Fig. 2(b) . The peak e T is not included in the model and resembles an unoccupied state in D 2 O/Cu(111) 21 . Its discussion exceeds the scope of this paper.
To confirm the validity of our simulations, we test the model for different functional dependencies Φ(I) and parameters in Fig. 3 that define how the intensity profile of the laser ( Fig. 3(a) ) is translated into a work function distribution (Fig. 3(b) ). First, we show the exponential dependence (proposed in Equation 1) in Fig. 3(c) and vary the exponential factor γ, resulting in increasingly curved/steep work function dependecies as depicted by the curves in the inset. In the case of a photoinduced increase of the work function (red and yellow curves) the threshold work function (Φ(I) = hν) is reached already for lower normalized laser intensities the larger the γ. This is resulting in a steeper low-energy electron cut-off for the 2PPE part in the simulated spectrum and a more pronounced gap-like shape.
For a photoinduced decrease (blue curves) there is no pronounced gap and γ mainly tunes the intensity ratio between peak-shaped 1PPE and wider 2PPE part.
In addition, we show simulated spectra for a linear relationship between work function change and laser intensity (Φ(I) = Φ 0 + ∆Φ max × I) in Fig. 3(d) . Starting with the photoinduced increase (red curves), the gap-like shape is still reproduced, but the intensity in the crossover region between 1PPE and 2PPE differs from the one simulated on the basis of Equation 1. Lastly, if the sign of the work function change is inversed (photoinduced work function decrease -blue curves) a peak-like feature coming from the single-photon process remains, but the gap between the two orders is washed out, quite similar to the case of the exponentially decreasing Φ discussed above. Note that in the limit that γ tends to zero, Equation 1 results in the linear dependence.
As mentioned before, the specific functional dependence is related to the mechanism of the work function change of the system under investigation. Nevertheless, for a system where Φ(I) is monotonically increasing, a peak and gap like shape is always observed.
We finally show simulation results for different maximum work function shifts ∆Φ in Fig. 3(e). Φ ranges from 4.5 eV up to 5.5 eV for the largest work function shift ∆Φ (violet curve). The higher the value of ∆Φ the bigger the 'gap size' between main 1PPE and 2PPE
contributions. The maximum value of Φ (indicated by the dashed lines) for each of the simulated curves does not correspond to the energetic position of the low-energy cut-off at half-maximum intensity but to the top of the edge. This is counterintuitive and differs from the common definitions of edge positions (i.e. half-maximum or point of curvature-change).
In conclusion, we have shown that a spatially non-uniform work function strongly af-fects spectroscopic signatures in UPS and 2PPE spectroscopy. The most prominent effect is observed using a photon energy close to the varying work function of the system, due to a mixture of single-and two-photon processes. Based on a very simple model we describe the shape of the low-energy region of our photoemission data of D 2 O/Cu(111) remarkably well without taking into account any features of the band structure. A quantitative analysis of such spectra can help to understand the underlying physics of the photoinduced work function change of a system. In the case of a photoinduced work function increase the general shape exhibiting two seperate low-energy cut-offs for 1PPE and (at a higher energy) for 2PPE intensity is observed. This is very robust against modifications of most model parameters (e.g. initial DOS, functional dependence of Φ). We are therefore confident, that our model is able to explain a variety of effects observed in 2PPE experiments investigating photoreactive systems 22 .
We have furthermore demonstrated, that a varying work function may be easily overlooked in UPS measurements while strongly affecting the experimental results and interpretations. The shape and position of the low-energy cut-off of UPS spectra depends very much on the details of the work function distribution within the illuminated area. The light used for photoemission itself can induce a persistent modification of the work function and not only affect the resolution of the measurement but even change physical properties of the sample. We think that these effects should be considered when investigating energy level alignment in photoactive systems. 
